We describe the theoretical design of a microchip for the amplification, detection and counting of individual nucleic acid molecules in an ensemble of non-specific molecules. The device permits access to individual molecules through the transformation of a three-dimensional amplification reaction volume into a two-dimensional area or a one-dimensional line. The nucleic acid molecules in the amplification solution can be spatially separated along a one-dimensional line or across a two-dimensional area. The arrangement of the molecules is governed by the geometry of the microreactor in a manner analogous to the concept of 'limiting dilution' in a volume of fluid. When PCR amplification is allowed to proceed, the target sequences on individual molecules are amplified and diffuse outward. At the end of the amplification process, the zones of concentrated DNA surrounding the individual molecules can be detected as spatially resolved signals through the use of DNA binding dyes or fluorescence resonance energy transfer (FRET) probes. These amplification peaks would serve to establish a count of the number of target molecules in a sample with a much higher accuracy than that of traditional quantification using real-time PCR. The theoretical accuracy of this technique is only limited by the Poisson statistics of sampling.
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Introduction
Quantifying a specific population of nucleic acid molecules amid an ensemble of non-specific molecules is an important analytical technique in molecular biology. The application of nucleic acid quantification ranges from gene expression studies which focus on quantifying the number of mRNA molecules in a sample to clinical diagnostics for the detection and quantification of viral and bacterial DNA. Conventional laboratory bench-scale nucleic acid copy number estimation techniques, such as real-time PCR, are able to reliably provide order of magnitude estimates of the number of molecules in a sample [1, 2] . This lack of accuracy may be attributed in part to the fact that the progress of the reaction is monitored in a three-dimensional volume, resulting in an amplification signal from reaction kinetics averaged over the entire reaction volume. The three-dimensional nature of the assayed volume also obscures the individual molecules from view during the amplification process, making them inaccessible for counting as individual molecules, and lowering the sensitivity of the counting process. An additional limitation on the accuracy of real-time quantitative PCR is the fact that the technique relies on the comparison of the amount of PCR product generated or the amplification kinetics of the unknown sample with that of At the end of the PCR amplification process (t = t ), the zones of amplified DNA molecules surrounding the target molecules may be detected using fluorescence through the incorporation of DNA binding dyes or FRET probes in the reaction. The distance x between the target molecules determines the ability to detect them as spatially resolved peaks of amplified DNA.
a known standard that is biochemically similar but not always identical to the system under quantification [3, 4] . We describe the theory and design of a microdevice to accurately count the number of nucleic acid molecules in an ensemble of non-specific molecules through nucleic acid amplification. The principle of this microdevice is based on the transformation of the reaction space from a three-dimensional volume to a two-dimensional area or a one-dimensional line. This transformation of the reaction space results in the spatial separation of molecules that can now be monitored individually during the course of DNA amplification. The diffusivity of DNA in an aqueous solution results in higher local concentrations of the amplified segment of DNA in the vicinity of each target molecule compared to the background. DNA binding dyes or FRET probes incorporated into the amplification reaction would permit these concentrated zones of DNA to be detected as local regions of enhanced signal over a lower background [5] . The number of concentrated zones detected would be theoretically equal to the number of single molecules loaded into the device. The process would involve minimal post-PCR processing compared to previously described systems [6, 7] . It is also possible to construct quantification systems where the reaction space is physically divided into a number of individual cells that are interrogated for the presence or absence of target molecules in a nanoarray. This technique involves the use of barriers to physically or chemically divide the reaction zone into separate cells instead of the physics of dimensionally restricting diffusion to spatially separate individual parent molecules.
Theory and principle
Numerical simulations were performed using MATLAB to determine the time-dependent DNA concentration profile around molecules being amplified in a microchannel (figure 1). PCR kinetics were modeled as an exponential increase in DNA concentration, with a doubling time equal to an estimate of the cycle time (about 60 s). The model description did not incorporate the saturation kinetics of PCR amplification [8] , but this is not expected to drastically affect the concentration profiles surrounding the molecules; in fact, incorporation of the saturation kinetics would be expected to have a beneficial effect in restricting the width of signal peaks surrounding the amplified target molecules. The system can be described by an unsteady-state diffusion model with exponential generation in two dimensions:
where k is a first-order rate constant for PCR and was estimated as (ln 2)/cycle time or around 0.01 s −1 . The initial condition N7 Time (Seconds) Concentration (Molecules/ml) 
Results and discussion

Simulations and comparison of one-and two-dimensional counting systems
Transient simulations of DNA diffusing in a microchannel with simultaneous exponential generation were performed. An arbitrary starting configuration of single molecules was simulated in a microreactor in order to obtain an estimate of the number of molecules detectable through the formation of discrete amplification zones as a function of factors such as channel geometry and reaction time. The diffusion coefficient of DNA used in the simulations was an average diffusion coefficient for a 300 bp fragment of dsDNA over the range of PCR temperatures and was of the order 10 −6 cm 2 s −1 . The inclusion of FRET probes or DNA binding dyes such as SYBR Green in the PCR mix would enable direct in situ counting of molecules in the chip with minimal post-processing. FRET probes are about 25 bp in length and the diffusion coefficient of a double stranded DNA fragment of that size of the order of 10 −6 cm 2 s −1 [9] . The incorporation of DNA binding dyes and the labels attached to the FRET probes would have a beneficial effect in restricting the diffusion of the amplification zones surrounding the target molecules.
Two types of reactor geometries were considered in the simulations and are shown in figure 2. A comparison of the 'counting resolution' (number of discrete amplification zones/device area) in one-and two-dimensional reaction systems for a given device area and a uniform distribution of target molecules over the reaction space is shown in figure 3 .) The plot for the one-dimensional case is given by
where L is an estimate of channel length that could be conveniently incorporated in a device of area 1 cm 2 and V is an estimate of the volume of fluid in the microchannel (the dimensions assumed for such a one-dimensional channel were: length = 20 cm, width = 30 µm and depth = 30 µm). The plot for the two-dimensional case is given by 1 V A πDt where A is the area of the reaction space, 1 cm 2 , and V is the volume of fluid in the microchannel, assuming a depth of 30 µm. For a given device size, the two-dimensional system occupies a larger effective area than the one-dimensional system. Therefore, at the onset of amplification, when the zones of concentrated DNA surrounding the target molecules are very small, the larger effective area of a two-dimensional system results in an apparently higher 'counting resolution' for this system. However, on time scales comparable with that of the PCR process (about 30 min for most microchip systems [10, 11] ), the zones of amplified DNA surrounding each parent molecule get larger, and the overlap of gradients in two dimensions progressively degrades the resolution of the two-dimensional system compared to the one-dimensional case ( figure 3) . Thus the simulations indicate that from a theoretical perspective, the one-dimensional reactor configuration would be a more effective counting platform than the two-dimensional area format on the time scale of PCR amplification.
One-dimensional counting systems
The simulations show that the dimension of the zone of high-fluorescence intensity surrounding the amplifying parent molecule over the time scale of the amplification process is about 2.5 mm. This result implies that a device incorporating a microchannel length of about 100 mm could theoretically be used to count up to 40 individual molecules. The cross-sectional area of the microchannel used for counting would depend on the concentration of target molecules in the sample. In general, channels with smaller cross-sectional areas would be more suitable to the counting of higher target concentrations; a smaller volume of fluid would be stretched out to a longer effective length resulting in a greater linear separation of the target molecules. As the height and width of the channels can be fabricated to dimensions as small as 0.2 µm using conventional photolithographic and microfabrication techniques, it would be possible to fabricate channels to match a wide range of concentrations under interrogation.
An interesting modification of this format is the case of a microchannel with a decreasing cross sectional area ( figure 4(b) ). This design is, in effect, the adaptation of the concept of 'limiting dilutions' to the microchip format. For a sample of given concentration loaded into the channel, the target molecules would be closely packed in regions of the microchannel where the cross-sectional area is high. Therefore, the amplification signals from the individual molecules would overlap with each other and distinct peaks from amplification of these molecules would not be discernible ( figure 4(a) ). As the cross-sectional area decreases, the target molecules in the sample undergo the process of dilution along a one-dimensional line. Eventually, the sample would occupy a section of the channel where the area of cross-section ensures detection of the amplification zones. Figure 4(b) shows the effect of this dilution using 1000, 500 and 250 µm wide channels. Thus, a single chip could be used to accurately quantify the number of target molecules in samples spanning a wide range of concentrations. systems. An identical configuration of randomly generated distribution of target molecules was used in both cases. (a) This simulation shows the two-dimensional concentration profiles surrounding a random distribution of 100 target molecules in a 400 mm 2 area. The simulations clearly show an overlap of amplification zones in the vertical dimension in the two-dimensional system that could result in a poorer 'counting resolution' in this case compared to that of the one-dimensional system in (b). (b) This simulation demonstrates the effect of decreasing width or area of cross-section of the reaction space on counting resolution in a one-dimensional system. Starting from the top, the first three lanes are 1mm wide, the next three lanes are 500 µm wide and the last four lanes are 250 µm wide. A decreasing channel cross-sectional area has the effect of lowering the density of distribution of target molecules per microchannel length in a sample of given concentration. This effect is borne out in the simulation which shows overlapping amplification zones in sections of the microchannel with a large area of cross-section, and therefore a high density of target molecules, and discrete zones in sections of channel with a smaller cross-section, and therefore lower density of target molecules. Note that the expected number of molecules in each section (based on a concentration of 100 molecules/ 400 mm 
Conclusions
The microdevice described in this note presents an elegant platform to perform quantitative PCR on a chip. The device is based on the adaptation of the principle of 'limiting dilution' to the microchip format. The molecules are diluted along a one-dimensional line, amplified using PCR and counted using end-point detection. Each discrete linearly separated peak corresponds to a single parent DNA molecule. The simple underlying physics overcomes the fundamental limitations of real-time quantitative PCR and enables the goal of counting to be achieved with a much higher counting resolution. The device modeled and described in this work could present an opportunity for significant operational advancement over many conceptually similar alternatives by completely eliminating the need for post-PCR sample processing. In addition to being compatible with mass production by microfabrication techniques, the device could be adapted to a completely self-contained, low-power, portable, integrated system.
An important practical consideration in the operation of the single molecule counting device described here however, involves ensuring the efficiency of PCR amplification while scaling the microchannel down to dimensions compatible with quantification of copy number in concentrated samples. As the surface-to-volume ratio increases dramatically during the transformation of a three-dimensional reaction space to a one-or two-dimensional structure, the choice of surface materials in microchannel construction can be a critical issue in determining the efficiency of the amplification process, with adsorption of DNA, enzyme and reagents being the primary concern.
In addition to being used as a nucleic acid quantification device, the functionality of the device may be extended through the incorporation of electrodes on the base of the microchannel. The electrodes would enable the trapping of an enriched population of nucleic acid molecules amplified from a single target molecule for further manipulation and analysis [12, 13] , in a manner that is analogous to bacterial colony culture in a petri dish. The physics of this system could also be exploited in studies on other single molecules such as enzymes, where the principle of dilution in one dimension and subsequent observation of single molecule kinetics can be used to yield interesting information on an ensemble of molecules, one molecule at a time [14] .
